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ΛCDM Success on large scales 

Planck Collaboration (2018) Springel, Frenk and White (2006) Supernova Cosmology Project (2011)

ΛCDM successfully describes the Universe on large scales.

CMB Anisotropy: The Seeds Large-Scale Structure: The Growth Supernovae: The Acceleration
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Small-scale challenge to ΛCDM 

cusp-core problem missing satellites too big to fail

Observations in astronomy challenge small-scale predictions of dark matter

Sheth, Mo and Tormen (2001)Oh et al. (2015) Boylan-Kolchin, Bullock and Kaplinghat (2012)

Solution of small-scale problem: ULDM 

More galactic satellites 
predicted than observed

More cusp density profiles 
predicted than observed

Most massive satellites 
predicted denser than observed
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Ultralight dark matter

E. G. M. Ferreira (2021)

Ultralight (fuzzy) dark matter
Eg: axion, axion-like particles, dilaton, and dark photon...

Form Bose-Einstein condensation and serve as cold dark matter

mass ~ 10-22 eV, oscillation period ~ 1yr, long de Broglie wavelength ~ 0.5 kpc 
(wave–like behavior)
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Pulsar timing arrays 

Fermi-LAT

Millisecond pulsar: 
Stable clocks in the Universe
hundreds of times per second

Galactic timing interferometer to detect  ~ nHz gravitational waves

Lorimer and Kramer（2012）
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Pulsar timing arrays 

Joris et al, 2018

TOAs  = Signal
              Timing model
              White Noise 
              Red noise 
              DM 
               ···· noise 
              GWB

ULDM : Model as a deterministic signal



How to detect ULDM? 

This two principal mechanisms generate measurable changes in TOAs.

ULDM Oscillations: Oscillation induce fluctuations in the spacetime metric. 

ULDM Interaction: Interaction with Standard Model particles.

The oscillating ULDM field perturbs the gravitational potential, leading to 
observable variations in the TOAs. 

ULDM direct interaction with Earth and Pulsars, produce additional 
modifications in the TOAs through a distinct mechanism
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𝜳
𝟐𝒎

'𝝓𝒆
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Motivations
First: The Pattern of Interference is determined by the ULDM 
Coherence Length.

For simplicity, we consider two cases: !𝝓𝒆	and !𝝓𝒑
Uncorrelated:  Coherence Length small than Pulsar-Earth Separation
Correlated:       Coherence Length large than Pulsar-Earth Separation

Second: The dark matter density in the Earth term and the 
Pulsar term is different.

We define a dark matter density ratio between pulsars and Earth to set a 
common amplitude.

𝒍𝒄 =
𝟐𝝅
𝒎𝒗 ≈ 𝟎. 𝟒𝐤𝐩𝐜

𝒎
𝟏𝟎+𝟐𝟐𝐞𝐕

+𝟏

𝜹𝝆𝐃𝐌 =
𝝆 𝒙𝒑
𝝆 𝒙𝒆
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Results
Upper limits on scalar ULDM (PPTA-DR3 and EPTA-DR2):

Purple dot line: the local dark matter density 0.4 GeV/cm3
Vertical dashed lines mark the approximate observational timespan.
Black is one year reference peak.
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Results
Upper limits on DPDM (PPTA-DR3 and EPTA-DR2):

The black dotted line and gray shaded region indicate the parameter space where gravitational effects 
dominate over fifth-force couplings, based on the simplified assumption that vector ULDM produces 
gravitational oscillations three times stronger than scalar ULDM. 

9Xiao-Song Hu



Summary
1. We search for ULDM using PTAs,  the gravitational signal of scalar ULDM and the fifth-force 
signal from DPDM. 

2. We compute the dark matter density ratio between Earth and the pulsar, which in turn sets a 
common amplitude for the signal.

3. For scalar ULDM, our analysis does not exclude the scenario in which ULDM constitutes all of 
dark matter.

4. For the DPDM, the results are compared to previous results. 

Thanks!
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